(RECEIVED FOR PUBLICATION APRIL 11, 1955) The measurement of breathing capacity makes exacting demands upon the designer of respiratory apparatus, since it is necessary to record rapidly changing rates of flow reaching peak values of up to 500 1./min. without introducing sufficient resistance into the system to affect the performance of the subject. Further, if the apparatus is to be of value in clinical medicine, it should be reasonably portable and easily sterilized.
The principal methods at present are three, and none approach perfection. The Douglas bag (Wright, Yee, Filley, and Stranahan, 1949; McKerrow, 1953a ) is often considered to be widely available, but special wide-necked bags and lowresistance valve boxes are needed if reliable results are to be attained. Further, the accuracy of the method is dependent on split-second timing of tap manipulations, and the final answer gives no information about the respiratory rate at which the measurement was made. The problem of sterilization can only be solved effectively by the use of small expendable bags (McKerrow, 1953a) .
The Tissot spirometer (Greifenstein, King, Latch, and Comroe, 1952 ) is cumbersome, and careful modification of the system is needed to give a low resistance at high rates of air flow. The inertia of the bell is considerable, and may produce errors of up to 10% in the volume recorded. The BenedictRoth apparatus is perhaps the most widely used (Hermannsen, 1933; Baldwin, Cournand, and Richards, 1948; Gilson and Hugh-Jones, 1949;  Gray, Barnum, Mathieson, and Spies, 1950; Gaensler, 1951 ; Turner and McLean, 1951) . However, the standard apparatus has problems of resistance and inertia, and even if it be accepted that these difficulties are overcome by the use of a cellulose-acetate bell (Bernstein, D'Silva, and Mendel, 1952) there remain the objections that inspired gas composition is changing continuously throughout the experiment, and adequate sterilization is very difficult to achieve. Both spirometer methods have the important advantage that respiratory rate is recorded, and with the BenedictRoth apparatus an attempt can be made to analyse other parameters such as the " fast vital capacity" (Kennedy, 1953 ; Bernstein, 1954) , although the ink-writing spirometer pen is not well adapted to this purpose.
Since there are a number of important objections to each of the present methods of recording breathing capacity, there are good grounds for considering other forms of apparatus, and the present paper examines the possibility of using a pneumotachograph to measure the parameters of breathing capacity. The pneumotachograph is a compact piece of apparatus, is easily sterilized, and recordings can be made with a galvanometer of high natural frequency. Further, values are obtained for the rate of respiration and the velocity of air-flow, and these are of considerable interest in examining the theoretical background of the maximum breathing capacity and the fast vital capacity tests. The experiments now to be described consist of an analysis of the physical properties of the recording system, and repeated measurements of maximum breathing capacity and fast vital capacity in a group of seven normal subjects.
THE PNEUMOTACHOGRAPH GENERAL CONSIDERATIONS.-The pneumotachograph is in simple terms a means of measuring gas velocity in terms of pressure differential across a small resistance, provided in the pneumotachograph used by a fine wire screen (400 mesh Monel gauze). It is usual to provide manifolds and pressure-equalizing chambers in the shape of truncated cones on either side of the screen. In the application of this apparatus to the measurement of breathing capacity, it is necessary to consider particularly water vapour and temperature effects, resistance to air flow, and linearity and speed of response of the recording system. WATER-VAPOUR AND TEMPERATURE. - (Silverman and Whittenberger, 1950) , but for clinical purposes it seemed simpler to record the breathing capacity in terms of inspiratory flow; it is unlikely that there is a significant difference between inspiratory and expiratory volumes at these high rates of flow. To record the fast expiratory vital capacity, the apparatus was blown through with compressed air between each reading to dry the gauze and restore the apparatus to room temperature. Observations with a thermocouple placed in the pneumotachograph at the level of the gauze showed that the rise of temperature during a forced expiration was of the order of 1 to 20 C., and this would produce an error of well under 1 % in the volume recorded.
RESISTANCE TO AIR-FLOW.-Preliminary tests showed that the existing pneumotachograph had a rather high resistance at the rates of air-flow encountered in the maximum breathing capacity test. Since only inspiratory flows were to be recorded, it was decided to dispense with the distal pressure-equalizing chamber, exposing one aspect of the gauze direct to the atmosphere. The gauze itself introduced a resistance of no more than 5 mm. water at a flow of 250 1./min., so that little benefit could be expected from the substitution of a gauze of coarser mesh. However, it was possible to broaden the outflow from the proximal cone of the apparatus to an internal diameter of 1-in., and lead this directly through a 2 in. length of tube to a low-resistance inspiratory valve and graph agree well with data from other laboratories using low-resistance systems, and it seems fair to suggest that the pneumotachograph has a place in respiratory physiology as a convenient and accurate method of measuring the maximum breathing capacity.
It is also possible to follow the breath-by-breath performance with the pneumotachograph. Some of the present group of subjects were able to achieve a maximum effort with the first breath, but others despite a counted five-second warning of the start of the test took one or two breaths before reaching a maximum respiratory velocity and tidal volume (Fig. 4) . Most subjects showed a slight deterioration of performance during the last five seconds of the test (particularly a fall of peak inspiratory velocity). Fatigue of this order was considered a useful sign that the subjects had in fact given of their best.
There is considerable personal variation in the choice of respiratory rate during the performance of the M.B.C. test. There also seems a systematic difference between the spirometer and pneumotachograph methods, subjects tending to adopt a slower respiratory rate when breathing into the spirometer. The rate with this form of apparatus is probably conditioned largely by the natural frequency of the system, since the resistance to respiration is lowest when the subject follows the THE FAST VITAL CAPACITY The pattern of tracing obtained by asking a normal subject to make a rapid expiration or inu spiration into a recording spirometer has been discussed recently by Kennedy (1953) and by Bernstein (1954 (Fig. 5) . In some records two distinct maxima of air flow are observed, and in others marked undulations appear in the final part of the tracing. The magnitude of these undulations seems to bear relation to the " noisiness " of expiration, and by deliberately increasing the noise of expiration this feature of the tracing may be markedly accentuated. These observations would therefore suggest that in some subjects a maximal respiratory effort is associated with narrowing of the airway in the laryngeal or pharyngeal region, and the resulting stridor may show itself as undulations in the vital capacity tracing.
THE VOLUME.-It is widely recognized (Cournand and Richards, 1941; Mills, 1949; Gilson and Hugh-Jones, 1949 ) that if a subject is allowed to perform the vital capacity test at his own speed there is no systematic difference between the inspiratory and the expiratory capacity. However, the present records give good evidence (Table II) that if the test is performed as rapidly as possible Kennedy (1953) and Bernstein (1954) are compared there appears to be a difference in the time required to reach a peak velocity. In Kennedy's record (Thorax, 8, 73) a maximum velocity appears to be reached in about 0.5 seconds, while the tracings of Bernstein (Thorax, 9, 64) show an almost instantaneous maximum. The pneumotachograph gives more precise information on this point (Table IV) , and tends to support the accuracy during the fast vital capacity test, some subjects developing a higher velocity during inspiration, others during expiration (Table V) The search for a less exhausting method of assessment has centred on the "fast vital capacity" tracings, but these have been considered largely as a means of predicting the maximum breathing capacity. The pneumotachograph permits the accurate measurement of a number of other parameters, including the peak velocity of air-flow, the time required for the delivery of a fast vital capacity sample, and the relative magnitudes of true and fast vital capacity volumes, and it seems possible that these parameters may in the future prove valuable measures of respiratory capacity in their own right.
There is at present disagreement concerning the best method to predict the M.B.C. from the fast vital capacity. Most workers have used some arbitrary fraction of the fast expiratory capacityone second (Tiffeneau, Bousser, and Drutel, 1949; Roche and Thivollet, 1949; Gaensler, 1951; Hirdes and van Veen, 1952) or 0.75 sec. (Kennedy, 1953) . Bernstein and Kazantzis (1954) have pointed out that the fast inspiratory capacity tracing also has a similar form to the M.B.C. record, and this should therefore be used with the fast expiratory record to increase the precision of the predicted M.B.C. These authors have further noted that, as the respiratory rate is increased, inspiration tends to fall short of the full inspiratory capacity during the performance of the M.B.C. test, and it is therefore important to predict the M.B.C. from the middle rather than the initial slope of the fast vital capacity curve. The present experiments show clearly that by avoiding the extremes of inspiration and expiration the subject is 400
in fact operating over that range of chest movements at which a maximum -300 air velocity can be developed (Fig. 6 ), X although owing to the shape of the £ pressure/volume diagram for the > 200 human chest (Fenn, 1951) small area with the planimeter, since the peak velocity (which is easily measured) shows a similar variability. It seems merely that when asked to deliver a vital capacity sample as rapidly as possible, subjects do so with a variable peak speed. The implication of this finding is that the theoretical advantage of predicting the M.B.C. from a fraction of the fast vital capacity tracing is outweighed by lack of repeatability in the measurement, and it is therefore preferable to make the prediction from the entire fast vital capacity. SUMMARY The physical characteristics of a pneumotachograph system suited to the investigation of breathing capacity are described. A trial of the apparatus on seven normal subjects has yielded M.B.C. values similar to those previously reported for low resistance systems.
The sensitive recording system has allowed further investigation of the theoretical background of the M.B.C. and "fast vital capacity" tests. There is a wide personal variation in the optimum respiratory rate for the performance of the M.B.C. test, and most subjects show some decline of maximum inspiratory velocity during the last few seconds of the test.
The " fast vital capacity " tracings do not always conform to smooth exponential curves. Owing to the speed of delivery the volume delivered is less than the true vital capacity, particularly during inspiration. Although theoretical grounds suggest the prediction of the M.B.C. from a 30-second fraction of the vital capacity tracing, in practice a better correlation is obtained from the entire fast inspiratory and expiratory vital capacity curves. This anomaly appears related to the considerable variations of peak gas velocity during the performance of fast vital capacity tests.
